By immunoprecipitating protein products from virusinfected baby rat kidney (BRK) cells with specific antibodies, we found that the smaller, 243 residue (243R) E1A protein of human adenovirus 5 (Ad5) activated expression of the virus genes for E1B 55K, E2A 72K, E3 19K, hexon, fibre and penton base and the cellular gene for PCNA. The 243R protein also activated the E2A 72K gene in several rodent cell lines. In transient expression assays, this protein trans-activated the E2 early and major late promoters, suggesting that its effect was at least partially transcriptional. Similar assays with mutants of the E2 early promoter suggested that the ATF-and distal E2F-binding sites were required for this activation. Using mutant viruses with deletions in E1A, we found evidence for three separate pathways by which the 243R protein activated gene expression: one depended on sequences in exon 1 required for this protein to bind to p300, a second depended on sequences in exon 1 required for the protein to bind to pRb and the third appeared to be independent of exon 1 altogether and to depend on exon 2. The relative importance of these pathways for activation varied with the gene and cell. We conclude that a major role of E1A in the transformation of BRK cells by Ad5 is to activate specific genes by at least the first two pathways.
Introduction
The E1A gene of human adenovirus 5 (Ad5) produces a variety of effects in cells, but two of them stand out: its ability, in cooperation with a second gene such as adenovirus E1B or activated ras, to transform rodent cells oncogenically (Ruley, 1983) , and its ability, through its 289 residue (289R) protein product, to activate transcription of a wide range of viral and cellular genes in trans (Nevins, 1989; Shenk & Flint, 1991) . As activation of gene expression seems almost certainly to be a requirement for cell transformation, we might expect these two properties of E1A to be /inked. Surprisingly, they are not, as genetic studies have amply demonstrated.
E1A encodes two major proteins of 289R and 243R. These products are identical except that the smaller lacks an internal stretch of 46 amino acids present in the larger. It is this unique internal sequence that confers on the 289R protein the ability to trans-activate gene t Present address: London Regional Cancer Centre, London, Ontario, Canada N6A 4L6. transcription (Lillie et aL, 1987; Jelsma et al., 1988; Nevins, 1989; Shenk & Flint, 1991) . The sequences required for oncogenic transformation, on the other hand, lie in the N-terminal, exon 1 sequence shared by both proteins (Lillie et al., 1986 (Lillie et al., , 1987 Moran et al., 1986; Kuppuswamy & Chinnadurai, 1987; Schneider et al., 1987; Subramanian et al., 1988; Velcich & Ziff, 1988 ; Whyte et al., 1988; Jelsma et al., 1989) , and either the 243R E1A protein or exon 1 alone is sufficient to transform primary cells in cooperation with activated ras Whyte et al., 1988) . If therefore oncogenic transformation by E1A requires the induction of gene expression, the 243R E1A protein must be able to bring it about.
Originally, little attention was paid to trans-activation by the 243R E1A protein as it lacks the trans-activating region of the larger E1A protein. Nevertheless, this protein has been reported to trans-activate both viral (Left et al., 1984) and cellular genes (Simon et al., 1987) , and recently it was shown to increase transcription from a reporter construct containing binding sites for transcription factor E2F (Bagchi et aL, 1990) , and to alter complexes formed in vitro on DNA fragments containing E2F sites (Bagchi et al., 1990; Bandara & La Thangue, 1991; Chellappan et al., 1991; Raychaudhuri et al., 0001-1669 © 1993 SGM 1991). E2F appears to exist in inactive forms in the cell when bound to proteins such as pRb, the product of the retinoblastoma susceptibility gene, or p107, another cellular protein related to pRb, and it is believed that E1A activates transcription by displacing E2F in an active, free form from these complexes (Nevins, 1992) .
This evidence is important in showing that E1A 243R is capable of activating transcription. However a limitation of the work is that it was carried out in stable cell lines, and only on gene promoters containing E2F-binding sites. The more general question is whether the 243R E1A protein can activate expression of genes in primary mammalian cells that can be transformed by adenovirus. We have used E1A deletion mutants to show that this E1A protein can induce gene expression in baby rat kidney (BRK) cells, the same cells that we and others have employed to study the effects of E1A on cell growth (Zerler et al., 1987; Moran & Zerler, 1988; Howe et al., 1990; Wang et al., 1991; Howe & Bayley, 1992) and transformation (Ruley, 1983; Graham, 1984; Whyte et al., 1988; Jelsma et al., 1989) . It can also induce expression in several established rat and mouse cell lines. E1A proteins associate with a number of cellular proteins besides pRb and p107 just mentioned (Yee & Branton, 1985; Harlow et al., 1986; Egan et al., 1988; Whyte et al., 1989) , and they act almost certainly by binding to these proteins and altering their functions. We found that induction of gene expression in these rodent cells required the same regions of E1A that are necessary for oncogenic transformation, and correlated with the binding of the 243R protein to a cellular protein of 300K (p300) and to pRb.
Methods
Eukaryotic cells. Primary BRK cells were prepared from 4-to 6-dayold Wistar rats as described (Jelsma et al., 1989) . The rat cell lines used were NRK (52E) from the American Tissue Culture Collection, 3Y1 from F. L. Graham (McMaster University), CREF from P. E. Branton (McGitl University) and REF-52 from J.A. Hassell (McMaster University). Mouse BC3H1 myoblasts were from R.W.H. Lee (McMaster University). All cells were grown as adherent monolayers in Dulbecco's modified MEM supplemented with 10% fetal bovine serum, penicillin (100 anits/ml) and streptomycin (100 lag/ml) (Gibco) at 37 °C in a 5 % COs-enriched atmosphere.
Recombinant viruses andplasmids. Ad5 d1309 virus is wild-type (wt) for E1A and expresses both the 289R and 243R E1A proteins (Jones & Shenk, 1979) ; Ad5 dl520 produces the 243R E1A protein but not the 289R protein (Haley et al., 1984) ; Ad5 d1312 lacks most of the E1A gene (Jones & Shenk, 1979) . The construction of the mutant Ad5 viruses dl1101/520 to dl1109/520, (Ill 141/520, dI1142/ 520 and dl1143/ 520 that produce only the 243R E1A protein and contain single deletions in exon 1, as welt as viruses containing different pairs of these exon 1 deletions in the dl520 background, have been described (Jelsma et al., 1988 (Jelsma et al., , 1989 Howe et al., 1990) . Ad5 dl1151 lacks residues 151 to 289 of the larger E1A protein and so effectively expresses only the first exon of E1A (Mymryk et al., 1992) .
Plasmid pLE2 dl520 contains the E1A gene and produces only the smaller 243R E1A protein (Jelsma et al., 1989) . Plasmids containing the chloramphenicol acetyltransferase (CAT) reporter gene under the control of the adenovirus E I A, E 1 B, E3, E4 and major late promoters were from M. Mathews (Cold Spring Harbor Laboratory) (Defy et al., 1987; Weeks & Jones, 1983) . Plasmids containing mutant or wt adenovirus E2 early promoter regulating expression of CAT were from B. Thimmappaya (Northwestern University Medical School) (Murthy et al., 1985) . Plasmid A-133 (Morgan et al., 1987) , for convenience referred to here as Hsp70 CAT, contains t33 bp of the human Hsp70 promoter driving CAT transcription and was from W. Morgan (McGill University). pUC19 was from Gibco-BRL.
Transient expression assays. Transient expression CAT assays for trans-activation were performed as described (Jelsma et al., 1988 (Jelsma et al., , 1989 , using 10 lag of either pLE2/520 or pUC19 as a control, and 5 gg of CAT reporter plasmid per 100 mm dish of BRK or NRK cells.
Analysis of immunoprecipitates from infected cells.
Cells infected at an m.o.i, of 30 p.f.u./cell were labelled from 16 to 20 h post-infection (p.i.) with 100 laCi [3~S]methionine (Dupont-NEN) per 60 mm dish in methionine-free medium. Lysates were prepared and immunoprecipitated for different proteins as follows: for EIA, as described (Howe & Bayley, 1992) ; for E2A 72K, hexon and fibre, as for E1A except that the lysis buffer contained 0-1% SDS; for the proliferating cell nuclear antigen 0~CNA), as described (Jelsma et aI., 1989) . For E1B 55K and E3 19K proteins, total cell extracts were prepared and immunoprecipitated as described (Campos-Gonzalez & Glenny, 1991) . The monoclonal antibodies (MAbs) used were: M73 and 9C 10 against EIA and E1B 55K proteins respectively (Oncogene Science); H2-19 against E2A 72K from P. E. Branton (McGill University); one against the E3 19K protein from W.Wold (Washington University); ones against hexon and fibre from L. Prevec (MeMaster University); XZ104 and XZ133 against human pRb from E. Harlow (Massachusetts General Hospital). Against PCNA, we used polyclonal antibody no. 6006 (ImmunoConcepts Ltd.).
Results

Induction of expression of viral and cellular genes in BRK cells by the 243R EIA protein
To examine the ability of the 243R E1A protein to induce gene expression, we used Ad5 d1520, a virus that produces only the smaller 243R protein as its major E1A product (Haley et al., 1984) . Primary BRK cells were infected at 30 p.f.u./cell with Ad5 dl520, d/309, which is wt for E1A, or d1312, lacking essentially all of E1A. The cells were labelled with [sSS] methionine from 16 to 20 h p.i. and lysed. The lysates were immunoprecipitated with antibodies for the E1B 55K protein, the E2A 72K DNA-binding protein, the E3 19K glycoprotein, late viral hexon and fibre, and cellular PCNA, and the immunoprecipitates were analysed on denaturing gels. The results (Fig. 1) show that dl520 induced levels of expression of the three early viral proteins and PCNA that were similar to those induced by wt d1309. Dl520 also induced hexon, fibre and penton base associated with fibre, but at reduced levels relative to d1309. reduction was probably due to the replication of fewer viral genomes in these cells by dl520 than by dl309 (Howe et al., 1990) . It is not clear at what point D N A replication is limited in dl520, as evidently from Fig. 1 it produces at least some early proteins at wt levels.] For all seven proteins, the levels induced by d1520 were considerably greater than those given by dl312. We obtained similar results after infecting at 10 p.f.u./cell.
Mutants used to map regions of the E1A protein required for induction
To determine the regions of the 243R E1A protein required to induce gene expression, we used mutant Ad5 viruses with deletions in the coding region of E1A. These included a series of dl520 viruses, dl1101/520, dlll02/ 520, etc., containing the single deletions in exon 1 of E1A shown in Fig. 2 (Jelsma et al., 1989) , as well as dl520 viruses containing double deletions in exon 1, designated for example di01/06/520, which combines dll l01 and dl1106 in the dl520 background (Howe et al., 1990 ). In addition we tested Ad5 dl1151 which produces essentially only exon 1 of E1A (Fig. 2) .
In previous work, we found that effects of mutant E1A proteins correlate with their ability to bind to cellular proteins and particularly to p300 and pRb (Fig. 2) . Protein binding therefore provides a convenient scheme for classifying E1A mutants based on function, and before presenting other results, we shall describe studies on it in BRK cells.
Mapping the regions of E1A required for binding to cellular proteins in BRK cells
From lysates of BRK cells infected with E1A mutant viruses and labelled as before, we immunoprecipitated E1A proteins with M73, an E1A-specific MAb and analysed the immunoprecipitates on denaturing gels. Fig. 3 shows the results for mutants with single deletions in exon 1. All of these mutants produced easily detectable amounts of E1A protein except d11109/520 (lane 12) .
[Dl1109/520 has given low levels of E1A protein before (Mymryk et al., 1992) ; we assume it was because the protein was unstable, but we have not studied the question further.] In addition to bands of these proteins, there were bands corresponding to proteins of 400K, 300K, 107K and 100K. These proteins were specifically associated with E1A as they were not detected in precipitates from cells mock-infected or infected with dl312 which lacks E1A (lane 14), or in immunoprecipitates obtained using an antibody specific for the unrelated Ad5 72K DNA-binding protein. Except for the 100K band, these BRK proteins migrated at rates similar to bands we and others have observed in HeLa and KB cells (Yee & Branton, 1985; Harlow et al., 1986; Egan et al., 1988; Howe & Bayley, 1992) , and they were probably the rat homologues of these human proteins. When extracts were immunoprecipitated with either of two MAbs directed against human pl05-Rb, a band that comigrated with the 100K band in E1A immunoprecipitates was observed (data not shown), demonstrating that this protein was rat pRb.
The intensities of bands of proteins coimmunoprecipitated with E1A differed between mutants (Fig. 3) . The p400 band was weak, particularly for dll 109/520 (lane 12), but it was discernible in the original fluorograph of Fig. 3 and in other fluorographs for all the viruses except dl1101/520, dl1102/520 and dl1103/ 520 (lanes 2 to 4), indicating that the E1A proteins from these mutants failed to associate with the p400 protein.
Mutants dl1101/520, dl1104/520 and dl1141/520 (lanes 2, 5 and 6) were unable to associate with p300. Relative to dl520 (lane 1), binding of p300 was slightly reduced with dl1105/520 (lane 7), and further reduced with dl1103/520 (lane 4). Dl1107/520 and dl1108/520 (lanes 10 and 11) did not associate with pRb, and dl1108/520 bound weakly to p107. Dl1109 produced only a low level of E1A protein (lane 12), but what was produced bound all four proteins. DI1143/520 (lane 13), which contains a larger deletion in exon 1 overlapping the deletions in dl1103 and dl1104, was unable to bind to either p400 or p300, but unlike either dl1103/520 or dl1104/520, it Fig. 2 . Map of the 289R E1A protein of Ad5, showing deletion mutants aud the regions required for binding to cellular proteins and for several E1A functions. In the upper part of the figure, the deletions in each of the mutants used in this study are indicated by rectangles, together with the numbers of the first and last residues deleted. Below this, results with these mutants are summarized with rectangles that mark regions required in the cell types indicated, for binding to cellular proteins p400, p300, p107 and pRb (this paper), for general trans-activation (Jelsma et al., 1988) , for transformation (Jelsma et al., 1989) , for induction of mitosis (Howe & Bayley, 1992) , cellular DNA synthesis (Howe et al., 1990) and gene expression by exon 1 (this paper), for the repression of enhancer-driven transcription (Jelsma et al., 1989) , and for the suppression of myogenic differentiation (Mymryk et al., 1992) . Solid rectangles indicate esential regions. For pRb binding, the banded rectangle marks a region in which binding is affected by the larger deletion dl1143, but not by the smaller dl1103 or dl1104. For the induction of DNA synthesis, either the hatched or the dotted region is required. For the induction of gene expression by exon 1, the requirements for the hatched and dotted regions depend on the gene and cell type, as described in the text. bound p107 and pRb less strongly. We found reduced binding ofpRb by dl1143/520 in other cells (Howe et al., 1990; Mymryk et al., 1992) , indicating that between residues 35 and 60 in E1A deletions such as dl1143 that are larger than dl1103 and dl1104 affect binding to pRb. These results are summarized in Table 1 and Fig. 2 .
Mutants with double deletions in exon 1 all produced readily detectable levels of E1A proteins, which bound the cellular proteins we expected for the single deletions these mutants contained (Fig. 2 and Table 1 ; data not shown). For example, mutant di01/06/520 bound p107 and pRb but not p400 or p300, di04/08/520 failed to associate with p400, p300, p107 or pRb, and d105/07/520 bound all the proteins except pRb. Overall, mutant E1A proteins containing either one or two deletions in exon 1 bound to cellular proteins in rat cells in essentially the same fashion as we found before in human KB and HeLa cells (Egan et al., 1988; Howe et al., 1990; Bayley, 1992) and in mouse BC3H1 myoblasts (Mymryk et al., 1992) . Fig. 4 were tested in other experiments and the results of these are described below. All experiments were performed at least twice. Analyses of these results showed that we could divide the responsive genes into three groups, depending on the relative importance of different regions of E l A for induction. These groups consisted of the genes for (i) the E2A 72K protein and PCNA, (ii) the E1B 55K and E3 19K proteins and (iii) the late viral products, driven from the major late promoter (Table 2 ).
M a p p i n g the regions o f the 2 4 3 R E 1 A p r o t e i n r e q u i r e d f o r induction o f g e n e e x p r e s s i o n
(i) E 2 A 721£ D N A -b i n d i n g p r o t e i n a n d P C N A
D I 1 1 5 1 , which retains only the first exon of E1A (Fig. 2) , induced expression of viral E2A 72K and cellular P C N A at levels comparable to those by dl520 (Fig. 4a , and data not shown). This demonstrated that exon 1 of the 243R E1A protein alone was sufficient for induction. No single deletion in exon 1 completely abolished induction of either protein, although d l 1 1 4 3 / 5 2 0 , which contains a larger deletion than the others (Fig. 2) , was significantly impaired for both (Fig. 4 a, and not shown). These results suggested that the requirements for regions in exon 1 may have been redundant. We therefore tested mutants with two deletions in exon 1 (Fig. 4b ). Of these, only dlO 1/07/520, dlO 1/08/520, d l 0 4 / 0 8 / 5 2 0 and d l 4 3 / 0 8 / 5 2 0 were completely defective, and these were ones that failed to bind to both p300 and pRb (Table 1 , Fig. 2 ). All the other double mutants induced levels comparable to that with dl520. In these experiments, there was some variation in the induction of P C N A expression between viral preparations (see also Jelsma et al., 1989) . For example, in the experiment in Fig. 4(a) , induction by d l 1 1 0 1 / 5 2 0 was weak, but this was probably a fault of the preparation, as it was not found consistently. Furthermore, the same deletion in d l 0 1 / 0 6 / 5 2 0 had no effect (Fig. 4 b) . Therefore, the ability o f a m u t a n t E 1 A protein to induce expression o f viral E 2 A 72K and cellular P C N A correlated with its ability to bind to p300 or to pRB, or to b o t h proteins, and only m u t a n t s that associated with neither were unable to induce expression (Table 2 ). This correlation was s u p p o r t e d by dl1143/520, which had a reduced ability to induce expression of E2A 72K and P C N A and also failed to associate with p300 and b o u n d p R b poorly.
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To interpret these results, we assume that there are two p a t h w a y s by which E 1 A induces expression of these genes: one requiring the region in E 1 A by which it binds to p300 (loosely termed the p300 pathway), the other requiring the regions by which it binds to p R b (the p R b pathway). If each o f these p a t h w a y s on its own were capable o f inducing the m a x i m u m expression possible in the cell, then a m u t a t i o n in E 1 A that disables only one p a t h w a y would have no phenotype, as was the case with single deletions in exon 1. Only when b o t h p a t h w a y s are disabled in a m u t a n t that fails to bind to b o t h p300 and p R b would there be no induction, as with e.g. dl01/07/520 or dl04/08/520. Dil143/520 represents an intermediate situation, because in this m u t a n t the p300 p a t h w a y is completely disabled, but the p R b p a t h w a y is partially disabled and gave some induction. These conclusions are s u m m a r i z e d in Table 3 . reduced. These were the same mutants that failed to induce the E2A 72K and PCNA genes. Thus although there was only a partial, rather than a complete, loss of induction of E3 19K, the effect of these mutations was similar to that for E2A 72K and PCNA, suggesting that expression of E3 19K was induced by pathways depending on the regions of E1A that bound to p300, to pRb, or to both (Table 2) . This was consistent with the fact that dll 151 induced expression at a level similar to that with d/520, showing that exon 1 alone was sufficient. However, because induction was not abolished by any of the exon 1 mutations, this gene was evidently being partially induced by EIA through another pathway that was independent of exon 1 of E1A, and possibly depended on sequences in exon 2 (Table 3 ). In the induction of E1B 55K, d143/08/520 was reduced but none of the mutants was seriously impaired (Fig. 4) . In this case, the putative exon 2 pathway appeared to induce expression at a high level when pathways requiring exon I were disabled. However, pathways operating through exon 1 were able to induce expression of E1B 55K in the absence of exon 2, as the level given by d/l151 was comparable to that with d/520 (Fig. 4a) ( Table 3) .
(iii) Major late gene expression
For the major late viral proteins, the supply of specific antibodies was limited so we only tested E1A mutants that from the results with other genes we judged to be representative. Induction of hexon (Fig. 4a) was essentially unimpaired with dl1102/520, and also with dl1107/520 and dl1108/520 which failed to bind to pRb. However, dl1101/520 was completely defective, and dl1104/520 and dl1141/520 induced much more poorly than did d/520; these three mutants all failed to bind to p300. Induction of hexon therefore appeared to correlate primarily with binding to p300, and this was confirmed by results with the double mutants dl02/08/520 and dl04/08/520: neither of these bound to pRb but di02/08/520 which bound p300 induced well, and dl04/08/520 which did not bind p300 was defective (Fig.  4b , Table 2 ). As dl1107/520 and dl1108/520 induced hexon efficiently, there appeared to be no requirement for the pRb binding region when the p300 pathway was functioning. However, in the absence of the p300 pathway, the pRb pathway may have induced weakly, as dl1104/520 was less defective than dl04/08/520 (Fig. 4) ( Table 3 ).
For the induction of fibre, dl1104/520 was impaired, dl1108/520 induced significantly, and dl04/08/520 was completely defective (Fig. 4) . In one experiment (not shown), dl1101/520 failed to induce. These results suggest that fibre was induced by the same pathways as hexon (Table 3) . Penton base, which coprecipitated with fibre, gave results similar to those for fibre. This showed that penton could be induced by d/520 and by the same deletion mutants as fibre, but it gave no information on lack of induction, as penton could not be detected in the absence of fibre.
Activation of E2A 72K expression in different cell types
To see whether the regions of E1A required for induction of E2A 72K expression in other cell types were the same as those in primary BRK cells, we examined the established rodent cell lines rat 3Y1, CREF, NRK and REF-52, and mouse BC3HI myoblasts. In all these lines except NRK, induction of E2A 72K expression appeared to have the same requirements as it did in BRK cells (Table 3 ). NRK cells gave a different result (Fig. 4 a) . In these cells, mutants defective in binding to p300 failed to induce expression of E2A 72K (Table 2 ). All other single mutants induced expression except dl1109/520, which in these cells produced no detectable E1A protein. We confirmed that the rest of the mutants produced significant levels of E1A protein in NRK cells, and that these mutant proteins bound cellular proteins in the same pattern as that for BRK cells in Table 1 (data not shown). Therefore in NRK cells, binding of p300 alone was sufficient to induce E2A 72K (Table 3) .
In none of the activation experiments did induction correlate with the binding of E1A to either p400 or p107 (Fig. 4, Table 1 ). For example, dl02/08/520, which did not bind p400, still induced several genes, whereas dl1104/520 and d104/08/520 bound p400 but were defective. Correspondingly, dl01/07/520 and dlO1/08/ 520 were both defective for induction, even though the former bound p107 well and the latter bound it very weakly if at all.
Transient expression studies on the effects of the 243R EIA protein on gene expression
To establish whether the 243R E 1A protein induced gene expression by acting on the promoter, we tested the effect of this protein on several viral and cellular promoters in transient expression, CAT assays in BRK and NRK cells. We transfected these cells with the reporter construct in the presence either ofpLE2/dl520, a plasmid expressing only the 243R E1A product (Jelsma et at., 1989) , or of pUC19 as a control. Fig. 5 shows the fold increase in CAT activity induced by the 243R E1A protein for each promoter. There was substantial induction from the adenovirus E2 early and major late promoters in both BRK (Fig. 5a , c) and NRK cells (Fig.   5b, d ). The adenovirus E1A promoter was weakly activated in BRK cells (Fig. 5 a) but not in NRK cells (Fig. 5 b) . The cellular Hsp70 promoter was not induced in either BRK or NRK cells, and the adenovirus E1B, E3 and E4 promoters were repressed slightly in BRK cells and more so in NRK cells (Fig. 5a, b) . These transient expression assays therefore confirmed our results on virus-infected cells for the E2 early and major late promoters, but not for the E1B and E3 promoters. We discuss the discrepancy with these last two promoters later.
To define the elements of the E2 early promoter required for transactivation, we examined the effects of linker scanning mutations in the promoter (Murthy et al., 1985) on its response to the 243R E1A protein in CAT assays in both BRK and NRK cells (Fig. 5 c, d ). The mutants are designated by numbers corresponding to the region of the promoter replaced by the linker: e.g. in mutant -74/-85, -74 bp to -85 bp upstream of the cap site are replaced. The E2 early promoter is composed of an ATF-binding site, a pair of E2F-binding sites and a TATA box-like region (SivaRaman & Thimmappaya, 1987) . In BRK cells (Fig. 5c) , mutants -74/-85 and -55/-66, affecting the ATF and distal E2F sites respectively, were not induced by the 243R E1A protein. in the proximal E2F site was weakly induced, and mutant -19/-29 in the TATA-like box was at least as responsive as the wt promoter. Thus the regions of the E2 early promoter necessary for activation by the 243R E1A protein lay in the vicinity of the ATF and distal E2F sites, suggesting that induction was mediated through factors that bound to these sites. In NRK cells, the results were similar to those in BRK cells, except that mutant -19/-29 in the TATA box was impaired (Fig. 5 d) . In the induction of gene expression, therefore, there were differences between cell types not only in the requirements for interactions between E1A and cellular proteins, but also in the regions of the promoter required.
Discussion
We have shown that in BRK cells infected with Ad5 viruses expressing only the smaller of the two major E1A proteins, this 243R protein induced strong expression of early viral products E1B 55K, E2A 72K, and E3 19K and of the late viral products hexon, fibre and penton base, whose genes are driven from the major late promoter. In addition, this E1A protein increased the level of expression of cellular PCNA, in agreement with previous studies (Zerler et al., 1987; Morris & Mathews, 1990) . This protein also induced expression of the E2A 72K gene in virus-infected rat 3Y1, CREF, NRK and REF-52 cells and mouse BC3H 1 myoblasts. In transient expression assays in both BRK and NRK cells, the 243R E1A protein strongly activated the E2 early and the major late promoters, suggesting that activation of expression of the E2A 72K protein and of hexon, fibre and penton base by the 243R E1A protein in virusinfected cells was, at least in part, through effects on the promoter.
In transient expression assays, the 243R E1A protein, if anything, repressed the E1B and E3 promoters. This is consistent with other findings (Defy et al., 1987) , but it is in contrast to the large increases in E1B 55K and E3 19K protein expression we saw in virus-infected BRK cells, and to a report that in transfected cells, the same E1A protein increased E3 transcription (Left et al., 1984) . The different response of the E1B and E3 promoters in transient assays and in infected cells was probably due to the different conditions under which transcription was measured. For example, in transient assays the DNA lacks associated proteins, and other early viral gene products found in infected cells are absent. However, regardless of the explanation for the difference, it seems likely that the mechanisms responsible for much of the induction of the E3 gene, at least, were the same as those which induced E2A 72K as in both cases binding of E1A to either p300 or to pRb was required.
Of the genes we have studied, only E2A contains putative binding sites in its promoter for the E2F transcription factor, through which E1A has been reported to induce transcription (Yee et al., 1989; Mudryj et al., 1990 ; Hiebert et al., 1991) . Our transient expression assays on the adenovirus E2 early promoter showed that not only were both E2F sites essential for induction by the 243R protein, but there was a requirement for the ATF site as well. This result, together with our finding that the 243R E1A protein trans-activates genes driven by the major late promoter which is structurally unlike the E2 early promoter (Miyamoto et al., 1985) , make it unlikely that induction by this E1A protein is brought about solely through the E2F transcription factor.
Our results with BRK cells infected with E1A deletion mutants suggested that the 243R protein induced gene expression by three pathways, requiring respectively the region for binding to p300, the region for binding to pRb, and exon 2. The responsive genes fell roughly into three classes according to which of these regions were necessary for their induction (Tables 2 and 3 ). The simplest case was the late viral genes for hexon and fibre, where the region in exon 1 required for E1A to bind to p300 was necessary and sufficient for induction. In the absence of this region, the sequence required for binding to pRb induced at a low level. [The observation that the 243R E1A protein stimulated expression from the major late promoter in transient assays supports the view that the lack of induction of viral late gene expression by mutants that fail to bind p300 was due directly to their inability to stimulate this expression. However, we cannot exclude the possibility that the lack of induction arose indirectly from a replication defect in these mutants that reduced the viral genome copy number in the infected cell.] The early viral gene for E2A 72K and the cellular gene for PCNA formed another group, in which a region of E1A required for binding either to p300 or to pRb was necessary and sufficient for induction. The third group consisted of E1B 55K and E3 19K genes, which were induced to some extent by all the single and double exon 1 mutants. For E3 19K, the region of E1A required for binding either to p300 or to pRb was necessary and sufficient for induction. However, even in the absence of both of these regions, there was partial induction, which we ascribe to a pathway involving exon 2. With E1B 55K, either exon 1 or exon 2 of the E1A 243R protein was necessary and sufficient for full induction.
In several rat and mouse cell lines, the induction of the viral E2A 72K was the same as in BRK cells, but it differed in NRK cells, requiring only the region of E1A necessary for binding to p300 (Tables 2 and 3) .
Of the three pathways by which the 243R E1A protein induced gene expression, the one that depended on the region for p300 binding was the most common and most predominant, and was sufficient to induce hexon and fibre in BRK cells and E2A 72K in NRK cells. Genes for E2A 72K and PCNA in BRK cells were fully activated either by this p300 pathway or by the pRb pathway. Among the genes we studied, none was activated by the pRb pathway alone, but genes described by others probably fall into this category (Bagchi et al., 1990; Raychauduri et al., 1991; Zammanian & La Thangue, 1992) . The least common pathway was that requiring exon 2; this was sufficient to activate the E1B 55K gene effectively and the E3 19K gene partially. Even though the p300 pathway activated all the genes we studied, the relative importance of each of the three pathways varied with the gene and cell type. This suggested that they were not necessarily equivalent, and that each probably affected different groups of genes, even though these groups may have overlapped to some extent. We were surprised by the evidence of induction by exon 2 and we are studying this further (J. S. Mymryk & S. T. Bayley, unpublished) .
A correlation of induction with binding of E 1A to pRb is not surprising, as pRb appears to be able to regulate trans-activation by complexing with transcription factors such as E2F; in vitro E1A can disrupt these complexes, freeing the factor to function (Bagchi et al., 1990; Bandara & La Thangue, 1991; Raychaudhuri et al., 1991; Nevins, 1992) . There is suggestive evidence for a role for p300 in controlling gene expression: this protein binds to specific DNA sequences (Rikitake & Moran, 1992) ; in addition its binding by E1A appears necessary for E1A to repress gene expression (Jelsma et al., 1989; Stein et al., 1990) and to suppress myogenic and neuronal differentiation (Heasley et al., 1991; Mymryk et al., 1992) (Fig. 2) . None of our results showed any correlation of induction with binding to p107, a cellular protein related to pRb that has been shown to associate with the E2F transcription factor as does pRb (Cao et al., 1992; Shirodkar et al., 1992) .
Two findings in this work are relevant to oncogenic transformation by E1A. First, the smaller 243R E1A protein activated gene expression in BRK cells, the same primary rodent cells used for transformation studies. Second, regions in exon 1 of this protein that were necessary for this activation, namely residues 4 to 25, 36 to 69 and 111 to 127, were the same as those required for transformation (Jelsma et al., 1989) and for inducing quiescent BRK cells to progress through the cell cycle (Howe et al., 1990; Howe & Bayley, 1992) (Fig. 2) . Induction of gene expression could therefore be the way these regions of E1A act in transformation. For example, the only E1A mutants that fail to induce BRK cells to enter S phase and synthesize DNA (Howe et al., 1990) contain double deletions and failed to induce the genes for E2A 72K and PCNA. This could mean that entry into the cell cycle depends on genes activated by E1A in the same way as E2A 72K and PCNA. Similarly, E1A mutants with single deletions that failed to induce hexon and fibre are defective for transformation (Jelsma et al., 1989) and for driving cells to complete the cell cycle (Howe & Bayley, 1992) . These processes could therefore depend on genes activated in the same way as these late viral genes.
In summary, E1A appears to regulate gene expression through regions both in exon 1 of the 243R protein and in exon 2, in addition to trans-activating through the region unique to the 289R E1A protein. It will be interesting to discover how each of these activities is used and controlled in Ad5-infected and -transformed cells.
